We have studied experimentally the edge channels in an externally controlled inhomogeneous twodimensional electron gas ͑2DEG͒ under quantum Hall conditions. The 2DEG is inhomogeneous in the sense that the electron concentration changes linearly across the width of the sample. In an impurity-free ͑or ideal͒ electron gas, these edge channels are wide compressible strips alternated with incompressible strips. However, when the presence of charged impurities ͑or disorder͒ is considered, localized compressible strips appear on both sides of the incompressible strips. We show that the width of the incompressible plus the localized compressible strips can be determined from resistance measurements. We further demonstrate that the macroscopically wide compressible strips in an inhomogeneous, disordered 2DEG act as if they are edge channels; they can be reflected at an interior potential and the values of the quantized resistances can be determined from the Landauer-Büttiker model. ͓S0163-1829͑96͒03028-7͔
I. INTRODUCTION
Magnetotransport in a high-mobility two-dimensional electron gas ͑2DEG͒ under the influence of a magnetic field which is directed perpendicular to the plane in which the electrons move has been successfully analyzed using the concept of edge channels. [1] [2] [3] [4] [5] In this picture, the existence of a potential which confines the electrons laterally is of crucial importance. This confining potential is always present near the mesa-etched sample boundaries or can be induced electrostatically by means of a Schottky gate. As a consequence of the confining potential, the energies of the Landau levels are raised and edge channels are formed at the intersections with the Fermi level. Magnetotransport in the quantum Hall regime is completely governed by the confining potential and the coupling of these edge channels to the contacts of the sample.
However, this one-electron picture is based on the assumption that the confining potential bends the Landau levels adiabatically, without paying attention to the edge state electrostatics. As a result, the electron concentration does not drop continuously, but steplike, from its bulk value to zero as the edge is approached. At the intersection of a Landau level with the Fermi level the electron concentration drops by (2eB/h). The effect of screening near the edges of a 2DEG under the influence of a magnetic field was qualitatively considered by Beenakker 6 and Chang. 7 They showed that the 2DEG is divided into alternating strips of compressible and incompressible states. The compressible strips refer to partly filled ͑spin-split͒ Landau levels and the fully filled ͑spin-split͒ Landau levels are identified as incompressible strips. At integer filling factors, i.e., in the incompressible regions, the screening is absent while at noninteger filling factors the screening is very strong. This means that the electrostatic potential remains constant throughout a compressible region while in an incompressible strip it changes either by (ប c Ϫ⌬E s )/e between states of different Landau quantum number ͑⌬E s is the Zeeman energy͒ or by ⌬E s /e between states of the same Landau quantum number. A more quantitative treatment of the formation and positions of compressible and incompressible strips started with the work of Chklovskii, Shklovskii, and Glazman. 8 They and others [9] [10] [11] propose a quantitative electrostatic theory of the 2DEG near the boundary in the integer quantum Hall regime. It is shown that the electron concentration near the sample edges is not significantly altered when a magnetic field is applied. In an impurity-free electron gas the compressible strips are shown to be much wider than the incompressible ones. The electron concentration no longer changes steplike in the vicinity of the 2DEG boundaries, but a more gradual decrease is found. Experimental evidence for the existence of finite-width edge channels was given by studies of the breakdown of the integer and fractional quantum Hall effect, 12 by magnetoplasmon studies, 13, 14 and by magnetocapacitance measurements. 15 An aspect that has not been taken into account is the presence of ͑charged͒ impurities which are responsible for random potential fluctuations at the location of the 2DEG. These potential fluctuations arise from small fluctuations in the charged donor distribution and the spatial scale of these potential fluctuations is of the order of the spacer layer thickness s. As a result, the infinitely narrow Landau levels become broadened. 16 In the case where the amplitude of the random potential is smaller than ប c and the width of an incompressible strip is smaller than s, the disorder does not change the general structure of alternating compressible and incompressible strips. Changes only occur near the edges of compressible strips, where strips of localized compressible liquid appear. 8 If disorder is strong (Ӎប c ), then continuous incompressible strips do not exist.
In two recently published papers, we reported about a technique which enables us to directly image the edge channels in an inhomogeneous 2DEG under quantum Hall conditions. 17, 18 Although the total width ͑compressible plus localized compressible plus incompressible regions͒ could easily be extracted from the images, the individual widths of the compressible regions and the incompressible plus the localized compressible regions remain to be resolved. In the present work, we show that the widths of these regions in an inhomogeneous electron gas under quantum Hall ͑QH͒ conditions can be determined from resistance measurements. Additionally, it is demonstrated that the macroscopically wide compressible regions in an inhomogeneous, disordered 2DEG behave as if they are edge channels, i.e., they can be transmitted or reflected.
II. EXPERIMENTAL DETAILS
The samples investigated have been grown by molecularbeam epitaxy and contain, besides a two-dimensional electron gas, a two-dimensional hole gas ͑2DHG͒. The latter is obtained by ␦ doping the sample with Be, which acts as an acceptor in GaAs. This ␦ layer was grown after, starting from the semi-insulating substrate, a 0.28-m GaAs layer, a GaAs/Al 0.33 Ga 0.67 As ͑25 Å/25 Å 100ϫ͒ superlattice, and a 0.1-m GaAs layer had been grown successively. . In Fig. 1 we present the layout of the samples. Six Ni/ AuGe/Au contacts are defined on the periphery of the Hall bar with dimensions 5ϫ2 mm 2 . The sample shown in Fig.  1͑b͒ deviates from the one in Fig. 1͑a͒ by the groove which has been etched in the 2DEG. The groove has a width of 100 m and is 1 mm long. It has been defined in the center of the Hall bar, just in between the voltage probes 2 and 3. The two large Zn/Au contacts on both sides of the Hall bar are attached to the 2DHG. This 2DHG can be regarded as an interior gate as we showed previously. 17, 18 This 2DHG has the special property, not only to change the areal density of the electrons in the 2DEG, but to create also a linear gradient in the electron concentration across the width of the Hall bar. To this end, voltage source V G1 is used to control the overall electron concentration while V G2 defines the gradient in the electron concentration. The voltage sources V G1 and V G2 are attached to the 2DEG and 2DHG as displayed in Fig. 1 . Standard lock-in techniques are used to measure the resis- tances of the 2DEG. The current I 14 which is sent from contact 1 to contact 4 is 100 nA. All measurements presented in this paper are performed in a magnetic field up to 2.2 T directed perpendicular to the 2DEG. Figure 2͑a͒ schematically shows the energy diagram of a two-dimensional electron gas in a magnetic field directed perpendicular to the xy plane in which the electrons move. We further assume a linear gradient in the electron concentration in the bulk of the Hall bar ͑y direction͒. In the center of the Hall bar ͓indicated by the two black arrows in Fig.  2͑a͔͒ , exactly two Landau levels are filled, i.e., the local filling factor ϭ4. This is also illustrated in Fig. 2͑b͒ , where the density of states is given as a function of the energy. The dotted areas represent the energy states which are localized in space ͓localized compressible; right-hand enlargement in Fig. 2͑a͔͒ and the hatched areas symbolize the energy states which are extended in space ͓compressible; left-hand enlargement in Fig. 2͑a͔͒ . It is interesting to note that Fig. 2͑b͒ implies that a continuous incompressible region cannot exist, since the density of states does not drop to zero in between two Landau levels. Or to state it differently, disorder is strong compared to ប c . When the degree of disorder decreases, the density of states drops to zero in between the Landau levels. Consequently, a continuous incompressible strip appears at the position of the two black arrows in Fig.  2͑a͒ . Additionally, the widths of the localized compressible regions shrink. In the limit of an impurity-free electron gas, the localized compressible regions completely disappear and we end up with a situation in which compressible strips alternated with incompressible ones. The density of states presented in Fig. 2͑b͒ changes into a set of ␦ functions.
Either the channels in the bulk of the Hall bar ͓numbers 4 and 5 in Figs. 2͑a͒ and 2͑b͔͒ and the edge channels near the left-hand and right-hand boundaries are formed due to a gradient in the electron concentration. The difference is that the gradient in the bulk is controlled externally ͑by V G2 ͒, while near the sample edges the way in which the electron concentration drops to zero is fixed for a specific sample.
One can argue that the number of localized compressible states in the tails of a ͑spin-split͒ Landau level is directly related to the microscopic potential fluctuations in the crystal. 19 Since the quantum-mechanical broadening of a Landau level is characterized by the single-particle scattering time, [20] [21] [22] or equivalently by the quantum mobility q , we also measured the transport and quantum mobility as a function of the electron concentration ͓Fig. 2͑c͔͒. The quantum mobility has been determined from the Shubnikov-de Haas oscillation envelope. 22, 23 The transport mobility t strongly depends on the electron concentration, while q remains constant in the whole range. If we assume that q can be directly related to the number of the localized states in the tails of the ͑spin-split͒ Landau levels, the fraction of the localized states does not depend on the Landau level index number. 
III. RESULTS AND INTERPRETATION
Let us first consider the structure presented in Fig. 1͑a͒ . At a magnetic field of 2.2 T and V G1 ϭϪ1.5 V, the experimental conditions are such that exactly two Landau levels are filled. This situation is schematically illustrated in the upper-left panel of Fig. 3 . The electron concentration is constant as a function of position, i.e., V G2 ϭ0 V, and the edge channels lie near the geometric boundary of the Hall bar. Figure 3 shows a measurement of the longitudinal resistance R 14,23 (ϵV 23 /I 14 ) as a function of the gradient in the electron concentration (V G2 ). The voltage probes 2 and 3 are at the high-electron-concentration side of the sample. As the gradient in the electron concentration is increased the innermost edge channel number 4 near the low-electron-concentration side of the sample starts to broaden. Simultaneously, on the other side of the Hall bar, an energetically higher-lying spinsplit Landau level starts to be populated, resulting in the formation of edge channel 5. The electrons in channel 5 are backscattered into edge channels 5Ј-1Ј making R 14,23 positive. Apparently, the spin splitting at a magnetic field of 2.2 T is insufficient to observe the effect of the incompressible plus localized compressible regions in between channel 5 and channels 5Ј-1Ј. Further increase of V G2 leads to the split off and broadening of edge channel 3 at the low-electronconcentration side of the sample and the formation of channel 6 as illustrated in the upper-right panel of Fig. 3 . In contrast to the situation described above, the incompressible plus localized compressible regions in between channel 6 and channels 6Ј-1Ј ͑Landau gap͒ are much more effective to prevent the electrons from backscattering. This can be concluded from the steep drop of R 14, 23 to zero at V G2 Ϸ5 V. Note that the abrupt decrease of R 14,23 occurs at the highelectron-concentration side of a compressible region ͑indi-cated by the black arrows͒.
At V G1 ϭϪ1.5 V, V G2 ϭ5 V, and Bϭ2.2 T, four macroscopically wide compressible strips ͑numbers 3-6͒ lie in the bulk of the Hall bar. This situation is schematically indicated in the upper-left panel of Fig. 4 . For reasons of clarity, we assume that the spin splitting is completely resolved. If the electron concentration is decreased, while keeping the magnetic field and the gradient in the electron concentration fixed, the compressible strips ͑hatched areas͒ move towards the right-hand sample edge, i.e., the high-electronconcentration side of the sample. The resistance R 14,23 is expected to oscillate periodically with the gate voltage V G1 . We stress that this analysis only holds on the condition that the spin splitting is completely resolved. A finite resistance is obtained when a compressible strip going from contact 4 to contact 1 touches the right-hand sample edge. In this case the electrons can backscatter into the channels going in the opposite direction, i.e., from contact 1 to contact 4. R 14,23 becomes zero in the case where the incompressible and localized compressible regions separate the channels going in one direction from the channels going in the opposite direction. This is illustrated in Fig. 4 where channels 1-6, 1-4 , and 1-2 are spatially separated from the edge channels 6Ј-1Ј, 4Ј-1Ј, and 2Ј-1Ј, respectively, so that backscattering of electrons does not take place. In contrast to the assumption made above, the measurement in Fig. 4 shows that the spin splitting is not completely resolved at Bϭ2.2 T. This is concluded from the fact that R 14,23 does not drop to zero when an incompressible region, separating the compressible regions 5 and 5Ј ͑or 3 and 3Ј͒, is located near the right-hand sample edge. From the position of the resistance peaks in Fig. 4 , one might conclude that two compressible strips of the same Landau quantum number are more closely spaced than two compressible strips of different Landau quantum number. However, drawing this conclusion from the experimental data presented in Fig. 4 is not correct due to the incomplete spin splitting at Bϭ2.2 T. Moreover, care must be taken in interpreting these experimental results since a maximum of R 14, 23 does not necessarily coincide with the center of ͑spin-split͒ Landau level which, in turn, corresponds to the center of a compressible strip. 24 On the other hand, from spatially resolved measurements performed at a higher magnetic field where the spin splitting is resolved, we know that equidistant compressible strips are formed due to the constant density gradient over the sample. 17, 18 The resistance measurements presented in Fig. 4 are comparable with the measurements already shown in Ref. 25 , where Shubnikov-de Haas oscillations were found only on the high-electron-concentration side of the sample. From Fig. 4 , we can make a rough estimate that 30% ͑Ӎ0.32/1.08͒ of the energy states in a Landau level are localized. At V G2 ϭ5 V, the gradient in the electron concentration ⌬n/⌬y is approximately 1.1ϫ10 11 cm
Ϫ2
/mm. This implies that the total width of two channels belonging to the same Landau level is ϳ970 m [ϭ(2eB/h)/(⌬n/⌬y)]. Since 30% of the energy states in a Landau level are localized, the width of the region in between the compressible strips 4 and 5 is approximately 0.3ϫ970 m Ӎ290 m. Note that the fraction of localized states does not change when V G1 is swept, i.e., the minima in R 14, 23 are equal in width. This means that the width of the region in between the compressible strips 2 and 3 is also ϳ290 m. This observation was already suggested by the measurement of the constant quantum mobility as a function of n e ͑or V G1 ͒ in Fig. 2͑c͒ .
Measurement of R 14,56 does not reveal any additional information since R 14,56 ϭ0 as a function of V G1 provided that the width of the compressible regions is smaller than the width of the Hall bar.
In case similar measurements as described above are performed on the Hall bar shown in Fig. 1͑b͒ , drastic changes are expected to occur due to the presence of the groove. Different to the measurements on the structure presented in Fig. 1͑a͒ , we now deal with two different types of channels going from contact 4 to contact 1, namely, those which are transmitted and those which are reflected. For a constant magnetic field, the number of reflected channels (R) depends on the gradient in the electron concentration only. The number of transmitted channels (T) is not affected by the gradient in the electron concentration. The resistance R 14,23 can be calculated from the Landauer-Büttiker model 1,2 and is given by
͑1͒
In Fig. 5 , R 14, 23 is measured as a function of the gradient in the electron concentration. The measurement is made on the Hall bar structure as shown in Fig. 1͑b͒ . The magnetic field is adjusted to 2.2 T and the gate voltage V G1 ϭϪ1.7 V.
Under these specific experimental conditions, the number of edge channels is 4, as can be verified by a measurement of the Hall resistance R 14,26 ͑or R 14,35 ͒. For the homogeneous case, i.e., V G2 ϭ0, this is associated with a vanishing longitudinal resistance R 14,23 as observed in Fig. 5 . We indeed obtain R 14,25 ϭ0 when Rϭ0 and Tϭ4 are substituted in Eq. ͑1͒. If a gradient in the electron concentration is induced the number of reflected channels R can be increased while keeping the number of transmitted channels constant (Tϭ4). The polarity of V G2 is chosen such that the electron concentration is the highest near contacts 2 and 3. The first plateau is expected to be seen at h/(20e 2 ) when Rϭ1 and Tϭ4. However, at this magnetic field the spin energy levels are not completely resolved and only weak curvature in the trace is observed. The next plateau occurs at h/(12e 2 ) when Rϭ2 and Tϭ4. Two channels belonging to the same Landau level are reflected. Since the energy separation between two successive Landau levels is much larger than that between two spin levels, this plateau is clearly resolved.
Another manifestation of the quantization of the longitudinal resistance R 14,23 is shown in Fig. 6 . The gradient in the electron concentration is such that the high-electronconcentration side is near voltage probes 2 and 3. For V G2 ϭ5 V, ⌬n/⌬y is approximately 1.1ϫ10
11 cm
Ϫ2
/mm. By realizing that the width of a channel is given by (eB/h)/ (⌬n/⌬y), a width w of ϳ480 m can be derived at a mag- netic field of Bϭ2.2 T. Since the width of the Hall bar is 2 mm, there is room for four channels in the bulk of the structure. By decreasing the overall electron concentration while keeping the gradient fixed, at V G1 ϷϪ1.7 V, an experimental condition is obtained as was already discussed in the previous paragraph. The number of transmitted channels T is 4 and the number of reflected channels R is 2. This situation is schematically indicated at the top of the figure. The expected quantization of R 14, 23 at (h/e 2 )( 1 12 ) is indeed observed in the measurement. Further decrease of V G1 results in the displacement of the channels in the bulk of the Hall bar towards the contacts 2 and 3. Around V G1 Ϸ2.2 V, R 14,23 is expected to be (h/e 2 )( 2 15 ). This value of the resistance is found when Tϭ3 and Rϭ2 are substituted into Eq. ͑1͒. The center Hall bar at the top of Fig. 6 illustrates this situation. Although channels 3 and 4 belong to the same Landau level, one of them is transmitted ͑channel 3; spin down͒ and the other one is reflected ͑channel 4; spin up͒. Apparently, the energy gap between the spin levels is still too small at Bϭ2.2 T ͑or the temperature is too high͒ to observe a plateau at R 14,23 ϭ(h/e 2 )( 2 15 ) in the measurement. However, when V G1 is further decreased, both channels 3 and 4 are reflected by the groove and a plateau at R 14,23 ϭ(h/e 2 )( 1 4 ) is measured. This situation is schematically indicated at the top of Fig. 6 where two channels are transmitted (Tϭ2) and two channels are reflected (Rϭ2). In the present case, the transmitted and reflected channels belong to different Landau levels and the plateau at R 14,23 ϭ(h/e 2 )( 1 4 ) is clearly resolved. Note that the widths of the plateaus at R 14,23 ϭ(h/e 2 )( 1 12 ) and at R 14,23 ϭ(h/e 2 )( 1 4 ) are equal, indicating that the spatial separation of the compressible regions 4 and 5, and the compressible regions 2 and 3, are identical too.
IV. CONCLUSIONS
In this work we have presented a technique to determine the widths of incompressible plus the localized compressible strips in an inhomogeneous, disordered 2DEG under QH conditions. In our case, the inhomogeneity of the 2DEG is introduced by a linear gradient in the electron concentration which can be controlled externally. This implies that, at a fixed magnetic field, the local filling factor changes linearly across the width of the Hall bars being studied. From the experiments, it is concluded that the incompressible plus the localized compressible strips, which appear around even local filling factors at low magnetic fields, are equal in width. Apparently, the fraction of localized states in a specific Landau level does not depend on the filling factor ͑or electron concentration͒ at a fixed magnetic field. A measurement of the quantum mobility additionally suggests that the degree of disorder and thus the fraction of localized states in a Landau level is independent of the electron concentration. We also show that the macroscopically wide compressible strips in an inhomogeneous, disordered 2DEG can be treated as if they are edge channels ͑in fact, they are edge channels in an impurity-free 2DEG͒. This implies that they can be reflected or transmitted, and the Landauer-Büttiker model can be applied to determine the quantized resistances.
